ABSTRACT Morphings are usually used for aircrafts to achieve a better performance in variable environment, whereas this paper focuses on how to achieve a trajectory-attitude separation control effect with an active morphing strategy. Aimed at this target, a systemic work, including modeling, linearization, and control, is presented. An accurate nonlinear dynamic model of morphing aircraft is built with centroid dynamic equations, of which all the additional terms that stem from morphing are expatiated for gullwing aircraft. Then, a linear parameter varying (LPV) approach is applied to linearize the equations for a controller design. A state feedback with a feedforward H ∞ control approach for an LPV system is proposed in this paper and is applied to the attitude control of gull-wing aircraft. Based on the stabilized aircraft attitude, a dynamic inversion control approach for the trajectory channels with active morphing is designed. The nonlinear simulation cases validate the feasibility of trajectory-attitude separation control with active morphing, as well as the performance of the control approach proposed in this paper.
I. INTRODUCTION
Morphing is a technology that enables aircrafts to vary their geometries largely to meet different mission requirements [1] , [2] . With the optimization in variable wing configurations such as span, sweep, dihedral angle or twist, or changeable aerofoil such as chord, camber, or thickness [3] , the aerodynamic performance of a morphing aircraft can be improved in every flight stage, leading to a better endurance, maneuverability and a larger flight envelope [4] , [5] . Aircraft morphing is not a new concept and has been under research and application for more than a century [6] . The first powered heavier than air aircraft enabled roll control by morphing the twist of its wing using cables actuated directly by the pilot [7] . In order to meet the increasing requirements on speed and stiffness, conventional flaps are deployed, which provide a more efficient control method and decrease the configuration complexity, but also narrow the range of flight conditions [8] .
Most of the literatures on morphing aircraft focus on morphing structure and materials, aerodynamic performance, and concept design and optimizations [9] , [10] . Recently, several studies paid attention to the stability and control problem in morphing processes [11] , [12] . Zhonghua proposed an adaptive neural control for the longitudinal dynamics of a morphing aircraft, via dynamic inversion method using neural network [13] . Ting built a LPV model for longitudinal dynamics [14] , and proposed a gain self-scheduled H ∞ outerloop controller to guarantee a specific level of robust stability and performance for the time-varying performance [15] . Tong introduced the finite-time boundedness robust control to guarantee the flight stability instead of the traditional asymptotic stability, and proposed the sufficient conditions in the form of linear matrix inequalities (LMI) to ensure the finite-time boundedness and robust performance for morphing aircraft [6] .
However, there are rarely researches on how to utilize morphing for flight control. For a morphing aircraft that is designed to adapt different tasks, although morphing can hardly replace conventional flaps because of the insufficient efficiency, it provides additional control surfaces. Therefore some special and valuable control effect could be achieved. Flight trajectory is usually controlled by the attitude of aircrafts. But for some tasks such as precise observation, the change of the attitude may lead some flickers on the pictures. A trajectory-attitude separation control, which is to control the trajectory by morphing and control the attitude by conventional flaps, is detailed discussed in this article.
Beside the significant improvement of aerodynamic and control performance, it is very difficult to deal with the stability and controllability in the morphing processes, especially in rapid changes of the structural properties [16] , [17] . The morphing processes are very complicated, and usually involve large motions of changing structure [18] . The dynamic response in morphing processes is leaded by timevarying aerodynamic coefficients of forces and moments. As the mass properties and the configurations change in morphing process, the trim point will move obviously, leading a significant nonlinear dynamic.
It is the foundation of dealing with such problems to have a dynamic model of morphing process with accurate, terse and insightful analytic expressions [19] . The common approaches for dynamic modelling of morphing aircrafts include multibody dynamics, LPV method, switching system, and centroid dynamic equations. The multibody dynamics have the advantage in accuracy, but are very complex to analyze and difficult to calculate [19] . The LPV approach is nice for analysis and controller design, but has less accuracy because of the finite linearization vertexes [20] , [21] . The switching system approach is a simplified LPV system, of which the accuracy is difficult to be guaranteed [11] . The centroid dynamic equations with regarding to morphing aircraft as a body with variable center of mass (CM) and inertia tensor, has advantages both on accuracy and terseness, although the linear system methods are hard to apply [22] .
In order to make use of the controllability provided by morphing, this article focuses on the trajectory-attitude separation control approach for gull-wing aircraft. Aimed at this target, a systemic work including modelling, linearization and control is presented. In Section II, an accurate nonlinear dynamic model of morphing aircraft is built with centroid dynamic equations, and all the additional terms that stem from morphing are expatiated for gull-wing aircraft. Then LPV approach is applied to linearize the equations for controller design. In Section III, the trajectory-attitude separation control method is discussed. H ∞ control approach with state feedback and feedforward for LPV system is proposed and applied to the attitude control of gull-wing aircrafts. Based on the stabilized aircraft attitude, a dynamic inversion control approach for the trajectory channels with active morphing is designed. In Section IV, the nonlinear simulation cases validate the feasibility of trajectory-attitude separation control with active morphing, as well as the performance of the control approach proposed in this article.
II. MODELLING OF GULL-WING AIRCRAFT
The center of mass (CM) is changing in morphing process, making it hard to describe the rotation movement of an aircraft. Instead, the coordinate origin of body frame is chosen on the center of reference (CR), which is fixed on the fuselage.
Refer to the process in [19] and [23] , a morphing aircraft can be formulated with centroid dynamics with the following steps to get the translational and rotational equations.
A. TRANSLATIONAL DYNAMICS
In the body frame, the position and velocity vector of the CM with regard to the start point of a flight is as follows
where R and V are the position and velocity vector of the CR with regard to the start point of the flight, r cm is the position of the CM with regard to the body frame. In order to simplify the cross product, [· ] denote the skew symmetric matrix of a 3-dimensional vector, indicating
Relative derivatives with regard to the body frame are denoted by dots above the parameter, whereas absolute derivative with regard to the inertia frame is denoted by the operator d dt . Therefore the acceleration of the CM can be expressed as
In the right side of (3), the first two terms belong to conventional dynamics of aircrafts, whereas the last four terms are caused by the motion of variable CM in non-inertial coordinate. Respectively, they denote the relative acceleration in the body frame, the Coriolis acceleration, the transportational convected acceleration, and the rotational convected acceleration.
The combined morphing acceleration is expressed as follows. Mind that the last term of (3) is separated because it contains the derivative of angular velocity, which leads a coupling difficulty on analytic solution.
With the Newton Second Law applied, the external total force equals to
where m is the mass of the aircraft. Substituting (4) and (5) into (3) yieldṡ
B. ROTATIONAL DYNAMICS
The angular momentum of the body frame is as follows
where r denotes the position of a mass element dm in the body frame. VOLUME 5, 2017 According to the Lagrange's formula on triple product expansion, the cross product of 3 vectors can be expanded by their dot products, [r] [ω]r = ω (r · r) − r (r · ω), thus
where I 3 denotes the third order unit matrix and J denotes the inertia tensor of the aircraft with regard to the body frame, hence (7) can be shortened for
Mind that [r]ṙ = 0, the derivative of the angular momentum of the body frame can then be expressed as
In the right side of (10), the first two terms remain conventional dynamics of aircrafts, whereas the last three terms stem from the variable configuration, which are combined as follows
With the angular momentum theory applied and note that the rotational center has a distance of −r cm with regard to the CM, we can obtain
where M is the external total momentum. Substituting (11) and (12) into (10) yields
To get a explicit expression, take (6) into (13), leading to
With the parallel axis theorem of rotational inertia, the inertia tensor with regard to the CR can be translate to that with regard to the CM,
Substitute (15) and (16) into (14), a explicit formula of the angular velocity can be obtained as follows
Transformation (6) and rotational (17) compose the centroid dynamics equations, which are suitable for all categories of aircrafts. If the changing rate of the configuration of the aircrafts equals to zero, indicating thatJ = 0 3×3 ,ṙ =r = 0 3×1 , these equations degenerate into conventional dynamic equations of aircrafts. Once the derivative of the angular velocityω is obtained, the derivative of the velocityV with (6) will be solved. 
C. MORPHING PROPERTIES FOR GULL-WINGS
There are additional terms that stem from morphing in the centroid dynamic equations (6) and (17) . However, the complexity of these terms varies in a wide range according to the different patterns of morphing processes. This article focuses on gull-wings, of which the classical configuration consists of a fixed fuselage and a symmetrically assembled deformable wing. Without a loss of generality, it is assumed to have four foldable wing segments, namely, the right inner, right outer, left inner and left outer segment, which are denoted by subscripts 1 -4 with the fixed part denoted by subscript 0 as shown in Fig. 1 . For the convenience of analytical discussion, an assumption is proposed as follows Assumption 1: The aerofoil and mass distribution of the wing along the span stay the same.
To describe the changeable configuration of the gull-wing, one of the adequate parameter set is {ξ 1 , ξ 2 , ξ 3 , ξ 4 } donating the dihedral angles of the wing segments. The CR of the gullwing aircraft, in another words, the origin of the coordinate, coincides with the CM of the aircraft with the deformable wing totally stretched, which means r cm = 0 3×1 if all ξ i = 0.
The dynamics of the configuration parameter ξ i depends on the actuators used to perform the morphing. Note that the second order derivatives of the structure position are desired for the additional terms in the centroid dynamic equations and refer to [19] , here a second order system is used to formulate the transient response of morphing actuators as follows
where T a is the time constant and ζ a is the damping ratio. Note that T a is limited not only by the performance of actuators, but also by the structural strength of wing segments.
As the second derivatives of morphing angles are required for the centroid dynamics equations, (18) can be transformed into a state space form as follows. (19) where ξ c i denotes the command signal to the respective morphing actuator.
With the assumptions proposed, the position r i of a spanwise mass element dm on the i-th wing segment can be expressed in the body frame as follows
where L i denotes the length of the i-th wing segment and l ∈ [0, L i ] denotes the distance of dm from the inner section of each wing segment. In this way, the mass elements can be divided into two parts. One is on the fixed fuselage, and the other one is on each moveable wing segment, which can be reformulated as follows.
where m i denotes the mass of the i-th wing segment. The transient position of the CM can be formulated by the average position of all the mass element as follows.
where the former part denotes the integral on the fixed fuselage of the aircraft and the latter part denotes the integral on the moveable wing segments. Note that the CR coincides with the CM of the aircraft with the deformable wing totally stretched, which infers that the CR always coincides of the CM of the fixed part, and leads the former part of (22) equals to zero. In this way,
There are another two items that contains the integral of mass elements. Note that for any mass element on the fixed part, the position keeps constant such thatṙ =r = 0. Accordingly,
The inertia tensor of the aircraft is also a function of the morphing parameter. With the inertia tensor of each wing segment transferred from local body frame to the reference coordinate, the transient inertia tensor of the morphing aircraft can be expressed as follows. (26) where J 0 denotes the constant inertia tensor of the fixed part of the aircraft, J i denotes the constant inertia tensor of i-th wing segment with its local body frame, R i denotes the transfer matrix, r cmi denotes the CM of i-th wing segment within the reference coordinate. Note that the folding is a way of rotation around the x-axis, accordingly,
The detailed forms of the terms containing the integral of r i are shown in Appendix A.
D. PARAMETER VARYING LINEARIZATION
The central dynamic equations gives an accurate expression with insightful terms. However, it is not convenient to utilize the plenty of analysis and control method for linear plant. Therefore a linearization approach based on Jacobian matrix for gull-wing aircraft is proposed.
The nonlinear dynamics of the aircraft velocity V = [V x , V y , V z ] T and the angular velocity ω = [ω x , ω y , ω z ] T has been formulated in former sections. To describe the flight state of a aircraft, additional attitude and trajectory parameters φ, θ, ψ, h are essential, which are roll angle, pitch angle, yaw angle and the height respectively. The dynamics of these parameters can be linearized as follows  φ θψ
The external total force F and moment M in the central dynamics equations consist of the gravity, thrust, and aerodynamic forces and moments. As the CM is no longer the center of body frame, the gravity will produce a moment with the influence of attitude angles. The aerodynamic forces and moments usually depend on the airspeed, airstream angles, angular velocity and flap deflections. For gull-wings they are also influenced by morphing parameters, as the morphing angles will change the effective wing area and the morphing angular rates will change the local angle of attack for each wing section. The additional terms are all functions of morphing parameters. In this way, the equation of motion for gullwings can be rearranged as followṡ With assumption 2 it can be inferred that the nonlinearities of f to x and δ are insignificant. Suppose (x * , ξ * , δ * ) is an equilibrium point of (31), where all the derivatives of the states and the configurations are equal to zero, indicating that f (x * , ξ * , 0, 0, δ * ) = 0. Denote x = x − x * and δ = δ − δ * . With the Jacobian linearization approach and ignoring high order terms, the linearized model of (31) is as follows
where
. Combined with (19) , the dynamics of the extended states can be expressed as
Note that all the items containing ξ are in the forms of trigonometric functions, which increase the nonlinearity of the dynamics according to the morphing angles. To reduce the mismatching of the linearized model, gain-schedule technology is applied as follows.
with
where N denotes the number of parameter vertexes, (ξ ) denotes the mismatching error and λ r (ξ ) denotes the weighting function. The linearization mapping vertexes ξ r ∈ {ξ 1 , ξ 2 , ..., ξ N } can be obtained with various optimization approaches to minimize the mismatching error. The weighting function can be further expressed for each dimension of the varying parameter
where N ξ is the dimension of the morphing parameter. Therefore the dynamics of the extended states can be formulated with more accuracy as a LPV system
Note that the states and inputs are increments of the equilibrium point, which also varies according to the morphing parameters as follows
III. ACTIVE MORPHING CONTROL APPROACH
Based on the LPV model for gull-wing aircraft proposed above, a trajectory-attitude separation controller with active morphing strategy is designed in this section.
A. TRAJECTORY-ATTITUDE SEPARATION CONTROL STRATEGY
Morphings are usually used to enhance the aerodynamic performance in variable environments. Meanwhile, as morphing has the ability to change the forces and moments working on the aircraft, it is supposed to provide some additional control surfaces, which could lead to some valuable control effects. However, one shortage should be highlighted is that the dynamic response of morphing of wing segments is usually slower than the deflecting of conventional flaps because of the larger inertia and the restriction of strength of materials. Therefore conventional flaps are still necessary for morphing aircrafts in order to stabilize and control the quick dynamics such as the airstream angles and attitude angles.
The flight trajectory is a slow dynamic and usually controlled by the attitude angles for traditional aircrafts. But in some special missions such as precise observation, the change of attitude may lead some flickers on the pictures, which recedes the precision sharply. Accordingly, a flight trajectoryattitude separation control, that is to control the trajectory with morphing and to control the attitude with conventional flaps, is a very potential flight control approach.
The core states of the trajectory is the height h and yaw ψ. Therefore two correspond additional morphing control surfaces are needed. To reduce the complexity of the model and controller, the morphing parameter is restrict to two degrees 
. Besides the trajectory and the attitude, there are some additional flight states should be stabilized and controlled, such as the velocity and the sideslip. Refer to conventional fixed-wing aircrafts, the states to be controlled are decoupled into several channels as shown in Table 1 . With the input u and the output y in each control channel selected, the statespace coefficient matrices A(ξ ), B(ξ ), C can be just generated from (38) with the LPV mapping (35).
B. LPV H ∞ SYNTHESIS FOR ATTITUDE CHANNELS
The foundation of the flight control system is the attitude stability and tracking performance. Meanwhile, the deflection of the flaps are expected to be as small as possible. Fig. 2 shows the structure of each closed-loop control channel. In Fig. 2 , W 1 (s) and W 2 denote the weights of the tracking performance and the control penalty, r denotes the command signal to be track, d denotes the reference dynamics output, y denotes the actual output of the aircraft, z denotes the combined tracking performance, that is
Assume W 1 (s) is proper, then it can be express in state space form asẋ
Therefore the dynamic state space model of each control channel can be rearranged as follows
The structure of the controller is chosen as state feedback with feedforward as follows
In this way, the dynamics of the closed-loop system will be
In the rest of this paper, the parameter dependent denotations of ξ are omitted in order to make the expressions succinct.
Lemma 1 [24] , [25] : Based on the consistent Lyapunov theory, there exist a controller that stabilises the closed-loop system and satisfies the H ∞ performance G zr ∞ < γ , if and only if there exists P = P T such that
(46) Substituting (44) into the second inequality in (46), we get
which is equivalent to the LMI constrains
A powerful tool widely used in H ∞ analysis is the Schur' complement lemma, which is expressed as follows [26] .
Lemma 2: For an arbitrary Hermitian block matrix Q, 
As P is positive definite, denoteP = P −1 , and left multiply the Riccati inequality (52) withP, and then right multiply it withP, we havẽ
With Lemma 2 applied and (51) substituted, (53) can be expressed in LMI form as
which equals to
With Lemma 2 applied again, (55) can be transferred into 
All the coefficient matrices of the closed-loop system (44) are partitioned. And note thatP is also a positive definite symmetric matrix, a sufficient form ofP is as follows
Refer to Lemma 2, both P 1 and P 2 are positive definite symmetric matrices. Substituting the closed-loop system (44), (57) and the linearization mapping into (56), and recalling that N r=1 λ r = 1, we get (58), as shown at the bottom of the next page Note that λ r ≥ 0,we get the following proposition. Proposition 1: Consider the LPV system (42), there exist a controller (43) that stabilizes the closed-loop system (44) and satisfies the H ∞ performance G zr ∞ < γ for all the possible ξ , if there exist two positive definite symmetric matrices P 1 and P 2 , and two matrix sets P 3,k , P 4,k , k = 1, 2, · · · , N , such that the following LMI conditions hold
where (60), as shown at the bottom of the next page
Once the LMI restrictions are satisfied, the coefficient matrices of the controller (43) can be formulated as follows
C. CONTROLLER DESIGN FOR TRAJECTORY CHANNELS
Note that one boundary of the morphing parameter is at ξ in = 0, when the inner wing is totally stretched. There are usually some parameter linearization vertexes near the boundary to improve the accuracy of the LPV model. But the control effect for the height channel is extremely low on these parameter vertexes. Therefore the LPV based control approach is difficult to apply to the trajectory control channels.
The attitude controller proposed above provides a method of stabilize and control the pitch and roll angles, as well as the velocity and the sideslip angle. With these parameters kept steady, the dynamic of the trajectory movement can be further simplified.
The change of the lift force provides the acceleration in height direction.
where the wing area S varies with both inner and outer morphing angles
Note that when the aircraft climbs without any change on the pitch angle, there will be an additional angle of attack α i caused by the climbing ratė
The induced angle of attack α i will change the lift coefficient as
The dynamic of height can be summarized as
where c h = ρV 2 c A /m. The level component of the lift stem from the outer morphing angles provides the centripetal force,
which can be short forψ
Without a loss of generality, we choose the desired trajectory tracking dynamic as
where H = L(h), = L(ψ) denote the Laplace transformation of the height and yaw, which equals to
Substitute (70) into (68) and (66), the desired morphing parameters can be calculated with
Therefore a dynamic inversion controller is obtained for the trajectory channels.
IV. NUMERICAL APPLICATION
The proposed approach is applied on a small gull-wing to validated the utility. Refer to [19] , the basic properties of the aircraft are listed in Table 2 .
The aerodynamic parameters of the aircraft are calculated with Athena Vortex Lattice (AVL) codes, as it has a large range of applications to aircrafts because of the balance in complexity and accuracy, and the convenience of obtaining the dynamic derivatives. It has been proven that the fully unsteady lattice methods have little improvement in accuracy as respect to using quasi-stationary vortex lattice [27] . As illustrated in Fig. 3 , only the wing and the empennage are built in aerodynamic meshing in AVL as they provide the majority of the lift and moment for the aircraft. The drag of other parts are estimated and added afterwards.
The AVL results show that changes of the longitudinal aerodynamic coefficients, such as lift coefficient C L , drag coefficient C D and pitch moment coefficient C m according to morphing are inconspicuous. However, the change of morphing angles have a larger influence on the lateral aerodynamic coefficients. Fig. 4 shows the dependencies of side force coefficient C Y and roll moment coefficient C l according to the morphing angels ξ in and ξ out at all the airstream angles equal to zero. The lateral aerodynamic coefficients are zero when ξ out = 0 because the configuration of the aircraft and the fluid field are symmetric at this condition. As ξ out increases, there will be more leftward lift component of outer wing segments, leading to a larger negative side force coefficient C Y . Whereas the roll moment C l has a more complicated dependence on morphing angles leaded by the changing arm of lift on each wing segment. As the outer morphing angle ξ out increases, the positive increment of changing rate of C l gets larger. However, the initial changing rate at ξ out = 0 are more negative as the inner morphing angle ξ in increases.
A. LPV MODEL GENERATING
The trim points of linearizaiton are equilibrium states. The airspeed at the trim points is set to V * = 75m/s as the designed cruising speed. The dihedral angles ξ * are chosen as the linearization varying parameter. The variation range of the morphing parameter is set to ξ
The inner dihedral angles are kept positive to improve the rolling stability. The attack angle α * and the pitch angle θ * of the trim points are calculated with the force balance between the lift and the gravity. The throttle δ * T is calculated with the force balance between the thrust and the drag. The elevator δ * e , the aileron δ * a and the rudder δ * r are calculated with the balance of the 3-dimension aerodynamic moment.
The choice of linearization vertexes and weighting functions makes a great difference to the quality of the LPV model. They are always a tradeoff between accuracy and intricacy. As the number of vertexes in each linearization dimension increases, the computing burden grows quickly in both offline model generating and controller design, and online signal processing.
In this work, the weighting structure of the LPV modelling is chosen as 2-dimension linear interpolation to reduce the complexity. As the dynamic equations are composed by the Jacobian gradients, this interpolation has second order accuracy for each flight state. Refer to [28] , the relative mismatching error can be used to evaluate the accuracy of the LPV modelling as follows
As a function that varies according ξ , the relative mismatching error is estimated by the values with a parameter mesh that have 100 × 100 knots in the parameter varying region [0
For each dimension of ξ , 3 vertexes are used. The values of each vertex is acquired by the particle swarm optimization (PSO) method. The optimization problem can be formulated as
The swarm size is set to 80. As the result, the best vertexes are listed in Table 3 , at which the modeling has an average relative mismatching error about 2.9%, and a maximum relative mismatching error about 4.4%.
Based on the vertexes in Table 3 , the relative mismatching error of the LPV modeling is illustrated in Fig. 5 . Compared with the tensor product approach in [28] , of which there is a maximum 6% relative mismatching error with 3 × 3 linearization vertexes in the application, we can find that the 2-dimensional linear interpolation approach has no less accuracy. 
B. CONTROLLER SETUP
In the H ∞ controller design process of the attitude channels, the weight of tracking performance W 1 (s) plays a very important role. Note that the response speed of both flaps and morphing devices is finite, it is not possible to track a signal with very high frequency, what we care more is the steady state accuracy. Therefore W 1 (s) should have big gain at low frequency and small gain at high frequency. After some manual modulation, the weights of tracking performance and input penalty are chosen as follows
With solving the LMI constraints in (58), the LPV type controller of the pitch, roll, velocity and the sideslip channels are obtained with a H ∞ performance γ = 0.59, 0.52, 0.91, 1.32 respectively.
In the dynamic inversion controller design of the trajectory channels, the desired dynamic are chosen as
The initial state of the aircraft is on a working point where V 0 = 75m/s, θ 0 = α 0 = −1.6 • . In the simulation, the states of the aircraft are integrated continuously with the nonlinear centroid dynamics equations (6) and (17) using Runge-Kutta solver, whereas the controller of both attitude and trajectory channels are calculated discretely in every 20ms to simulate the actual flight condition. The influence of the morphing actuator are analyzed with different time constant T a . The smaller T a is, the faster dynamic the actuator has. Fig. 6 shows the longitudinal responses of the gull-wing aircraft in a height tracking task. The command is to descend 10 meters from the initial state. The dynamic responses of the height h, inner morphing angle ξ in , pitch angle θ and attack angle α are illustrated in Fig. 6.(a), (b) , (c) and (d) respectively. In each panel, the solid blue curve, the dashed red curve and the dash-dot yellow curve denote the corresponding response when T a =0.5, 1.0 or 2.0 seconds respectively.
The aircraft arrives its desired height after it descends for about 22 seconds and then moves around the new height. It shows that the dynamic inversion controller for height channel designed in this paper works well. One shortage can also be seen is that the height changing efficiency is not high, even when the inner morphing angle reaches its limit to curtail the span. The change of pitch angle caused by morphing movement is less than 0.3 degree, showing the LPV based H ∞ pitch keeping controller achieves good performance.
The moving trend of attack angle looks very similar to the change of inner morphing angle. As has discussed, the change of attack angle is caused by vertical velocity. The curves infer that the change rate of the height is nearly proportional to the inner morphing angle. Note that this conclusion only works when the outer morphing angle keeps zero.
The different morphing actuator dynamic makes a different responding speed at the first stage of the curves, and a different stabilizing response after the height close to its desired position. As T a increases, the dynamic hysteresis becomes larger, making the inner morphing angle more difficult to arrive its transient theoretical value with inversion model. Therefore shaking appears, especially in the inner morphing angle response. The idea that to control the height and the pitch angle separately is proved feasible in this simulation. We can find that the aircraft descends with little pitch movement. Fig. 7 shows the dynamic responses of the gull-wing aircraft in a yaw tracking task. The command is to turn 30 degrees around vertical axis from the initial state. The dynamic responses of the yaw angle ψ, outer morphing angle ξ out , roll angle φ, and sideslip angle β are illustrated in Fig. 7.(a), (b) , (c) and (d) respectively. The different curves in each panel also respect the different dynamic speed of morphing actuators.
The aircraft turns to its desired yaw angle after about 21 seconds and then moves around the new direction. It shows that the dynamic inversion controller for the yaw channel designed in this paper works well. The same shortage as in the height control is that the yaw changing efficiency is not high, even when the outer morphing angle reaches its limit. The change of roll angle that stem from morphing movement is less than 0.5 degree and the change of pitch angle is less than 0.3 degree. The sideslip angle also keeps a very small value. We can find that the LPV based H ∞ attitude keeping controller achieves good performance.
The influence of the morphing actuator speed is similar to the height response. As T a increases, some shakes appear especially in the outer morphing angle response. The idea that to control the yaw and the roll angle separately is proved feasible in this simulation. We can find that the aircraft turns around vertical axis with little attitude movement.
V. CONCLUSION
In this article, an innovative application of morphing technique is discussed in detail, that is to achieve a trajectoryattitude separation control effect for some special mission. Aimed at this target, the centroid dynamics equations of morphing aircrafts are built and the additional terms are expatiated for gull-wing aircraft. Then the centroid dynamics equations are linearized for controller design and LPV modelling technique is used to reduce the mismatching error. A state feedback with feedforward H ∞ control approach is proposed in this paper and is applied to the attitude control of gull-wing aircraft. A dynamic inversion approach for the trajectory control is designed. The nonlinear simulations of trajectory tracking responses shows that:
(1) The idea of trajectory-attitude separation control is feasible. The change of the flight trajectory which is controlled by active morphing, has little influence to the attitude which is controlled by conventional flaps.
(2) The proposed H ∞ state feedback with feedforward control approach works well for the attitude channels. The LPV modelling method for gull-wings are accurate and efficient to counteract the nonlinearity.
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